Thank you for your comments that helped to improve our manuscript. Please find below your comments in black, our responses in blue and modifications in the revised manuscript in italic.
: Percentage of statistically significant/non-significant (Si, Ns) increasing/decreasing (In, De) trends in the observations and modeled data for SO2 (upper-panel) and NO2 (lower-panel) for the P1 (1990-2000) , P2 (2000-2010) and PT (1990 PT ( -2010 periods (left to right) using a generalized least squares (GLS) fit model. For SO4 2and TNO3, a higher fraction of non-significant increasing trends during the P2 period in the observational data was retrieved with the GLS fit model, whereas for TNHx a higher fraction of nonsignificant decreasing trends is predicted in the observational data during the P1 period compared to the Theil-Sen's and the Mann-Kendall methods ( Figure S3 ). Figure S3 : Percentage of statistically significant/non-significant (Si, Ns) increasing/decreasing (In, De) trends in the observations and modeled data for SO4 2-(upper panel), TNHx (middle panel) and TNO3 (lower panel) for the P1 (1990-2000) , P2 (2000-2010) and PT (1990 PT ( -2010 periods (left to right) using a generalized least squares (GLS) fit model.
In addition, the relative trends of SO2, SO4 2-, NO2, TNO3 and TNHx, for all models and periods were also in line to the one predicted with the Theil-Sen's and the Mann-Kendall methods, with only small differences among the species and models (Table S3 , below). Table S3 : Modeled and observed mean relative trends of SO2, SO4 2-, NO2, TNO3 and TNHx for the P1 (1990-2000) , P2 (2000-2010) and PT (1990 PT ( -2010 periods using a generalized least squares (GLS) fit model.
SO2
SO4 2 We added the following paragraph at line 40 of page 11 of the revisited manuscript as well as Figure S2 and Table S3 in the revisited supplementary material:
"An additional trend analysis was performed using a Generalized Least Squares (GLS) fit model that accounts for the temporal autocorrelation of the data. The results from the GLS model were in line with the one predicted by the Theil-Sen's and the Mann-Kendall methods ( Figure S3 and Table S3 ), and with the GLS model showing a slightly higher fraction of non-significant decreasing trends during the P1, P2 and PT periods".
Also, we added the following paragraph at line 15 of page 13 of the revisited manuscript as well as Figure  S3 in the revisited supplementary material:
"As for the SO 2 and NO2 gas-phase species, an additional trend analysis was performed using a GLS fit model. For SO4 2-, TNO3 and TNHx results were also in line with the one predicted by the Theil-Sen's and the Mann-Kendall methods ( Figure S3 and Table S3 ). For SO4 2and TNO3, the GLS model showed higher fraction of non-significant increasing trends during the P2 period in the observations data, whereas for TNHx an higher fraction of non-significant decreasing trends was retrieved compared to the Theil-Sen's and the Mann-Kendall methods during the P1 period".
We would like to notice that Figure 5 and 8 of the revisited manuscript have been updated correct for a bug issue identified through careful additional visual analysis of the data. The conclusions remained unchanged apart for the SO4 2during the P2 periods, where the models tend to over-predict the fraction of statistically significant decreasing trends, and for TNO3 during the PT periods, where a higher percentage of non-significant decreasing trends are predicted (both in measurements and model data). Small changes also occurred for NO2 during the P2 period where a higher percentage of non-significant decreasing trends is predicted (both in measurements and model data) and TNHx with the models that still tend to over-predict the number of statistically significant decreases. We updated the following sentences at line 22 of page 12 of the revisited manuscript as below:
"The percentage of statistically significant/non-significant increasing/decreasing trends in the observed and modeled SO4 2 -trends is reported in Figure 8 , showing a good agreement between the observed and modeled significances (and their direction) for the P1 and PT periods, whereas all the models tend to overpredict the number of statistically significant increasing trends during the P2 period."
At line 20 of page 2 in the abstract section as below:
"even though all the models over-predicted the number of statistically significant decreasing trends during the P2 period".
At line 33 of page 11 as below:
"was only partially reproduced by the models".
At line 38 of page 11 as below:
" (the significant increase in the LOTOS-EUROS model is for the SE0014R station located in Sweden)".
As well as at line 2 of page 13 as below:
"during the P2 period".
3. There is no indication about the performance of these CTMs, neither in this manuscript nor in Colette et al. (2017) , notwithstanding the several indications in the scientific literature or by the FAIRMODE initiative (https://fairmode.jrc.ec.europa.eu/). A brief summary of the "quality" of the simulation output should be included, which is something different, but complementary, from the scatter plots for trends.
We agree with the referee and we have included a summary of the quality of the simulations for NO2, SO2, SO4 2-, TNO3 and TNHx as also suggested by the second referee. We calculated the mean fractional bias (MFB) and mean fractional errors (MFE) for all the models and species available in the exercise and for the two different periods (P1 and P2). The results were compared with the model performance criteria and performance goal proposed by Results indicated that the model performance criteria (MFB ≤ ±60 %, MFE ≤ +75 %) was met for all the species and by all the models that participated in the EURODELTA-Trends exercise, whereas the performance goal (MFB ≤ ±30 %, MFE ≤ +50 %) differs for some of the models and species. For instance, TNO3 goal performance was not met by EMEP MSC-W in the P1 period and by CHIMERE for the P1 and P2 periods. Also, SO2 performance goal was not met by MATCH during the P2 period and by MINNI in both the P1 and P2 period ( Figure S4 , below). We added the following paragraph at line 1 of page 12 of the revisited manuscript and as well as Figure  S4 on the revisited supplementary material:
"Model performance for SO2 and NO2 was additionally evaluated by calculating the mean fractional bias (MFB) and mean fractional error (MFE) for both the P1 and P2 periods separately (Appendix A).
Recommended model performance criteria (MFB ≤ ±60 %,MFE ≤ +75 %) as well as the performance goal (MFB ≤ ±30 %, MFE ≤ +50 %) proposed by were achieved in both periods by most of the models apart for SO2 for MINNI during the P1 and P2 period and for MATCH during the P2 period where only the model performance criteria was achieved ( Figure S4 )." and the following paragraph at line 20 of page 13 of the revisited manuscript:
"Model performance for SO4 2-, TNO3 and TNHx was also satisfactory; the recommended model performance criteria (MFB ≤ ±60 %,MFE ≤ +75 %) as well as the performance goal (MFB ≤ ±30 %, MFE ≤ +50 %) proposed by were achieved in both the P1 and P2 periods by most of the models apart for TNO3 in CHIMERE during the P1 and P2 periods and in EMEP MSC-W during the P1 period where only the model performance criteria were achieved ( Figure S4 )."
4. The data available to the authors through EURODELTA-Trends could be explored to understand why in some circumstances one scheme is better than another: part of this analysis has been performed for the Secondary Organic Aerosol (SOA). There is a potential to perform a similar analysis also for the species presenting the largest variability among the models (e.g. TNO3 over P2): some hints and guidance about this point could be useful for the modelling community.
We recognize the importance of the different chemical schemes used in the models, however, for the purpose of this study we preferred to focus on the capability of the models in reproducing the observed trends rather than performing a specific model-to-model evaluation of the single schemes. Nevertheless, we included a summary of the quality of the single model performance for SO2, SO4 2-, NO2, TNO3 and TNHx for the two sub-periods (P1 and P2) as presented in the previous comment. We additionally performed an evaluation of the evolution of the models mean fraction bias over the full 1990-2010 period for all the species and models that participated in the EURODELTA-Trends exercise.
Results indicated that the mean fractional bias did not change substantially over the investigated period apart from SO2 and TNHx where most of the models tend to be slightly more positively biased in the latter part of the period compared to 1990 ( Figure S5 , below). Figure S5 : Evolution of the mean fractional bias (MFB) for SO2, SO4 2-, NO2, TNO3 and TNHx over the 1990-2010 period.
We added the following paragraph at line 6 of page 12 of the revisited manuscript and as well as Figure  S5 in the revisited supplementary material.
"In addition, the evolution of the MFB over the full 1990-2010 period does not indicate any substantial change in 2010 compared to the first year of the exercise (i.e. 1990) with the exception of SO2 which tends to be slightly more positively biased in the latter part of the period compared to 1990 (apart from EMEP MCS-W, Figure S5 )." and the following paragraphs at line 24 of page 13 of the revisited manuscript.
In addition, the evolution of the MFB over the full 1990-2010 period does not indicate any substantial change in 2010 compared to the first year of the exercise (i.e. 1990) apart from TNHx which tends to be slightly more positively biased in the latter part of the period compared to 1990 ( Figure S5 ).
5.
In page 11, line 12 the authors suggest that the simulated results for NO2 could be driven by an "overestimated negative trends in national emission data bases". There is no indication about the version of the COPERT model used for the emission factor of transportation, although the last part of the investigated period is included in the "emission scandal". This point should be considered.
For the EURODELTA-Trends exercise, emissions officially reported by the countries were used. In the majority of European country, road transport emissions are estimated with the COPERT 4 model (Ntziachristos et al., 2009 (Alves et al., 2013; Hausberger, 2010; May et al., 2013; Martin Weiss et al., 2011; M. Weiss et al., 2011) . In addition, Karl et al., 2017 and Vaughan et al., 2016 also indicated a possible underestimation of real-word traffic emissions by investigating NOx flux measurements. Therefore, since NOx emission might have higher uncertainties than previously thought, the sentence at line 12 of page 11 was removed.
Minor comments
p. 5, l . 33: wrong parenthesis "can be found in Colette et al. (2017)" Corrected.
p. 9, l. 38: why exactly 7 µg/m3 was chosen? Please explain
We removed measurements sites that exceeded 7 µg m -3 (average over the full measurement periods) since we think that these values might be highly influenced by local pollution events which are not included in the underlying emission inventory. Out of the sites available in Tsimpidi et al., 2016 , 3 stations were excluded. We included this information at line 39 of Page 9 of the manuscript. The threshold of 7 µg m -3 is arbitrary, but choosing similar values of 5 µg m -3 or 9 µg m -3 would only slightly / not affect the results.
p.11 sub-paragraph 3.2.1: Please organize it in order along with the title "...SO2 and NO2 concentration trends": therefore it should be organized with relative trends for SO2 first and then relative trends for NO2. This is already done for the second part of the sub-paragraph about the significance.
Done.
p.12, l. 15: full stop is missing ": : : influenced by different factors. First : : :"
Corrected.
p.15 l. 21: ASOA and BSOA acronym were defined only in the abstract and not in the main text
We added the definition of the acronyms also in the main text at line 21 of page 15 of the revisited manuscript.
p. 16 l. 3: misspelling terpene as singular? "i.e. isoprene and terpenes"
p. 16 l. 18: misspelling of plays "could also play"
p. 17 l. 37: maybe you meant "latter" instead of "later" Corrected.
p. 18 l. 13: maybe you meant "monoterpenes"?
p. 18 l. 14: this is the first comment about the influence of the change in Land Use, it is better to mention this in the discussion paragraph
The sentence has been re-phase at line 14 of page 18 of the revisited manuscript as below to make it clearer that we were referring to the underling land use data adopted by the different biogenic models and not to the change of land use itself in time.
"The increase was independent of the land-use and specific biogenic model used and was mainly attributed to the increase of the surface temperature during the 1990-2010 period."
Range of y-axis for figure 14 and 15 maybe set to 4 µg/m 3 , actually figure 15 could be reduced to 3 µg/m 3 : this would slightly improve its readability.
We prefer to keep the range y-axis as currently presented in the manuscript in order to (i) not over-lap the graphic with the legend in Figure 14 and to (ii) allow the readers for an immediate comparison between summer and winter absolute levels of the SOA concentrations presented in Figure 15 .
Thanks for your suggestions. We revised the manuscript with all the points as addressed above individually. 
Responses to the comments of anonymous referee #2
Thank you for your comments that helped to improve our manuscript. Please find below your comments in black, our responses in blue and modifications in the revised manuscript in italic.
The manuscript investigates trends in aerosol concentrations and chemical composition as well as their precursors in Europe over two decades that have experienced significant changes in emissions. The analysis is based on output of a suite of air quality models and observational data. The paper is well written and figures and tables are clear and informative. The paper contributes to the field of models evaluation and sensitivity analysis to different parameterizations and settings and will be of interest to GMD readers. However the following major points and specific comments could be addressed to improve it.
We thank the referee for the comments on the manuscript.
•
The EURODELTA experiment includes output from eight air quality models of which five are included in the current manuscript. Although the additional three models do not allow a proper quantification of the trends they could be included as a model intercomparison exercise. Those models may indeed adopt more sophisticated (or computationally demanding) settings whose skills need to be quantified to better inform model users on the optimal model setup (see more details comments below). I would suggest including a new model intercomparison and evaluation section and present multiple statistical metrics of model skill for the years when all eight models have data.
We thank the referee for this comment. Since the final delivery of the EURODELTA-Trends model output data (Colette et al., 2017) , two models had to withdraw from the final analysis due to a shortcoming in the model set-up, i.e. the WRF-Chem and the POLYPHEMUS model, therefore reducing the number of available models for the evaluation. However, we do agree with the referee and we included an evaluation for all the models and species available in the EURODELTA-Trends exercise. We have included a summary of the quality of the simulations for NO 2, SO2, SO4 2-, TNO3 and TNHx, as also suggested by the first reviewer. We calculated the mean fractional bias (MFB) and mean fractional errors (MFE) for all the models and species included in the exercise and for the two different periods (P1 and P2). The results were compared with the model performance criteria and performance goal proposed by Results indicated that the model performance criteria (MFB ≤ ±60 %, MFE ≤ +75 %) was met for all the species and by all the models that participated in the exercise, whereas the performance goal (MFB ≤ ±30 %, MFE ≤ +50 %) differs for some of the models and species. For instance, TNO3 goal performance was not met by EMEP MSC-W in the P1 period and by CHIMERE for the P1 and P2 periods. Also, SO2 performance goal was not met by MATCH during the P2 period and by MINNI in both the P1 and P2 period ( Figure S4 , below). We added the following paragraph at line 1 of page 12 of the revisited manuscript and as well as Figure  S4 in the revisited supplementary material. were achieved in both periods by most of the models apart for SO2 for MINNI during the P1 and P2 period and for MATCH during the P2 period where only the model performance criteria were achieved ( Figure S4) . and the following paragraph at line 20 of page 13 of the revisited manuscript:
Model performance for SO2 and NO2 was additionally evaluated by calculating the mean fractional bias (MFB) and mean fractional error (MFE) for both the P1 and P2 periods separately (Appendix A). Recommended model performance criteria (MFB ≤ ±60 %,MFE ≤ +75 %) as well as the performance goal (MFB ≤ ±30 %, MFE ≤ +50 %) proposed by
Model performance for SO4 2-, TNO3 and TNHx was also satisfactory; the recommended model performance criteria (MFB ≤ ±60 %,MFE ≤ +75 %) as well as the performance goal (MFB ≤ ±30 %, MFE ≤ +50 %) proposed by were achieved in both the P1 and P2 periods by most of the models apart for TNO3 in CHIMERE during the P1 and P2 period and in EMEP MSC-W during the P1 period where only the model performance criteria were achieved ( Figure S4 ).
• Despite the paper focuses on the quantification of temporal trends, it is important to quantify the actual model skills vs observations. This could be useful also in the context of informing users on the optimal model setup to be adopted when aiming to simulate aerosol concentration and composition in future studies. It would be also useful to add results of these analyses to the conclusions, where the model/settings with highest skills are highlighted.
We agree with the referee and we included an evaluation for all the models and species investigated in the exercise, as presented in the previous comment. However, we preferred not to summarize them in the conclusion part since it is already quite lengthy, and we would like to emphasize the discussion on the ability of the models in reproducing the observed trends (and summarize them in the final part of the manuscript).
•
The trend analysis are performed for different aerosol species and over different regions. However there is no clear quantification of the spatial variability of these trends and how the model performance varies by year. It could be interesting to expand the current analyses and include a more detailed investigation on changes of model performance over different years and different sites. This will also contribute to a better quantification of inter-model variability and identification of sources of uncertainty in model output.
We agree with the referee and we performed an evaluation of the evolution of the single models mean fraction bias (MFB) over the full 1990-2010 period for all the investigated species. Results indicated that the mean fractional bias did not change substantially over the investigated period apart from SO 2 and TNHx where most of the models tend to be slightly more positively biased in 2010 compared to 1990 ( Figure S5 , below). Figure S5 : Evolution of the mean fractional bias (MFB) for SO2, SO4 2-, NO2, TNO3 and TNHx over the 1990-2010 period.
We added the following paragraph at line 6 of page 12 of the revisited manuscript and as well as Figure  S5 on the revisited supplementary material.
In addition, the evolution of the MFB over the full 1990-2010 period does not indicate any substantial change in 2010 compared to the first year of the exercise (i.e. 1990 ) with the exception of SO2 which tends to be slightly more positively biased in the latter part of the period compared to 1990 (apart from EMEP MCS-W, Figure S5 ). and the following paragraph at line 24 of page 13 of the revisited manuscript:
On the other hand, the analysis of the spatial trends is complicated by the fact that most of the observational sites are mainly located in the Northern part of the domain, which limits the validation of the trend analysis to those sites. The latter has been noted also by the first reviewer. For example, for TNO3 and TNHx almost the complete set of available stations is located in the Fennoscandia region, whereas no long-term measurements were available in the IP (Iberian Peninsula) as well as in FR (France) for none of the species, therefore limiting the validation of the spatial variability of the trends. However, we have reported and discussed the model trends analysis in Figure 10 and Figure 13 of the manuscript for the PRUDENCE zones presented in Figure 1 .
Specific comment -
Despite there is no word limit for GMD abstracts, the current one is very long, so I would suggest to present the results in a more concise way (e.g. by grouping models/species having similar performance/behavior, etc.).
We agree with the referee that the abstract is quite lengthy. However, due to the multiple topics investigated in the paper (e.g. trends in both secondary and inorganic aerosols as well as their gas-phase precursors), it is challenging to reduce the current length of the abstract. We therefore preferred to keep the abstract as in his current state.
-
Page 2, line 7: I would use "evaluate" instead of "validate" here and in other instances in the paper since you are performing a model evaluation (not validation).
We agree and corrected also the other occurrences in the manuscript.
Page 2, line 13: the meaning of relative trend or relative reduction (here) was never defined in the paper. It should be clarified here and/or in the methods since this terminology is used in many instances in the text ad figures.
We agree with the referee and we added the following paragraph at line 31 of page 9 of the revisited manuscript:
The linear trends are presented as relative changes respect to the year 1990 and 2000 for the two 11-year periods, and as relative changes respect to the year 1990 for the full 21-year period. All the models had the same spatial resolution, i.e. 0.25° × 0.40°. We added this information at line 35 of page 5 of the revisited manuscript.
Page 7, line 36: LAI from MODIS is available only from 2002. What did the EDT simulations use for prior years?
For the previous years, the last available year, i.e. 2002, was used for the LAI.
Page 8, line 15: it would be interesting to have some more details about the temporal variability of emissions since they are one of the key drivers of changes in aerosol properties. This would also support your statement that trends in emissions are non-linear and would be helpful to interpret the results at finer temporal scales. Some information about the how trends in emissions change in space would be also relevant (you could also refer to literature studies if available).
We agree with the referee and we added the following information and reference about the spatial variability of the emission trends in NO2 at line 15 of page 10 of the revisited manuscript:
"with larger reductions occurring in Russia, Ukraine, Germany and the UK (Theobald et al., 2019) ."
and at line 11 of page 10 of the revisited manuscript for SO2:
"with larger reductions occurring in Germany and Eastern parts of the domain (Theobald et al., 2019) ."
Trend in emissions of NO2 and SO2 are reported in Table 2 of the manuscript. The analysis was divided in two periods 1990-2000 (P1) and 2000-2010 (P2) to show that larger declines in the gas-phase aerosol precursors occurred in the P1 period compared the P2 period.
Page 9, line 27: this claim could be supported by a supplementary figure or referring to the literature, as suggested in a prior comment.
We agree with the referee and we added the following paragraph and reference at line 15 of page 10 of the revisited manuscript as described in the previous comment:
and at line 11 of page 10 of the revisited manuscript:
"with larger reductions occurring in Germany and Eastern parts of the domain (Theobald et al., 2019) ." -Page 10, line 5-16: these claims are not supported by your analyses. Could you show some more analyses and explain how the trends vary in space (or refer to the literature)?
Following our previous replies, we agree with the referee and we added the following paragraph and reference at line 15 of page 10 of the revisited manuscript:
"with larger reductions occurring in Germany and Eastern parts of the domain (Theobald et al., 2019) ." -Page 11, line 20: Period is missing at the end of the sentence. Also it is not clear the number of stations, data availability and frequency of the data used for the analysis.
The trend analysis was applied to the annual observational datasets. We added this information at line 3 of page 9 of the revisited manuscript as also suggested by the first referee as below:
"The annual observational datasets […]"
The number of stations for each species is reported in Section 2.3.4. of the revisited manuscript.
-
Page 12, line 6: is there a way for you to indicate which dots these sites correspond to in Figure  7 ?
Different symbols could be used to refer to different stations. However, this will render the plots quite difficult to read. We prefer to keep the plot as it is now.
For the purpose of this study, i.e. evaluating the trends in the nitrogen specie, we preferred to use measurements of total nitrate (TNO3), mainly because the sampling of aerosol-nitrate can be problematic due to of evaporative loss of the semi-volatile ammonium nitrate or adsorption of nitric acid gas (Schaap et al., 2004) . In addition, observation of nitric acid (HNO3) are generally scare and quite challenging to perform.
Page 13, line 24: this claim could be better supported by referring to the spatial patterns of emissions, as suggested to do in previous comments.
We agree with the referee previous suggestions and we added the following paragraph and reference at line 15 of page 10 of the revisited manuscript as described in the previous comment:
And at line 11 of page 10 of the revisited manuscript:
"with larger reductions occurring in Germany and Eastern parts of the domain (Theobald et al., 2019) ." Tables   Table 7: there is no mention of Table 7 in the manuscript but I would keep it, so please add reference to it and comments. Also the statistical metrics should be defined. What is the temporal resolution/frequency of the data used in this evaluation and how many observations do you have at each site?
We correct the cross-reference at line 15 of page 15 with Table 7 . The mean values have been taken from the work of Tsimpidi et al., 2016 and are based on aerosol mass spectrometer (AMS) measurements performed at hourly resolution. However, the number of observations available at each site is not directly reported in the study (i.e. the average values provided in the study were used for the evaluation). We agree with the referee and we added the definition of the statistical metrics in the Appendix A of the revisited manuscript. Figure 5 and 8: not clear how many observational sites are included and the temporal resolution of the data used.
Figures
We added the number of observational sites in the caption of the updated version of Figure 5 and Figure  8 . The trend analysis was applied to the annual observational datasets. Figure 14 : Rephrase caption to clarify that panel a includes all seasons as in Table S2 , while summer and winter campaigns are shown in panels b and c.
We re-phrased the caption of Figure 14 as below:
"Modeled and observed (retrieved from PMF analysis) means and standard deviations of SOA concentrations for all periods (a), for summer campaigns (b) and winter campaigns (c) ( Table S2 )." Figure S1: why averages above 7 μg m-3 are excluded? Explain this also in Table S1 .
We removed measurements sites that exceeded 7 ug m -3 (average over the full measurement periods) since we think that these values might be highly influenced by local pollution events which are not included in the underlying emission inventory. We indicated this information is Table S2 of the supplementary material. Out of the sites available in Tsimpidi et al., 2016 , 3 stations were excluded. We included this information at line 39 of Page 9 of the manuscript. The threshold of 7 µg m -3 is arbitrary, but choosing similar values of 5 µg m -3 or 9 µg m -3 would only slightly / not affect the results.
Thanks for your suggestions. We revised the manuscript with all the points as addressed above individually.
Technical corrections:
-Page 2, line 34: be consistent between "emission" and "emissions".
-Page 3, line 10: remove "the formation of".
Removed.
-Page 4, line 29: SIA was not defined earlier.
We added the definition (secondary inorganic aerosol).
-Page 8, line 35: typo "Weather Research and Forecasting".
-Page 9, line 11: typo "illustrates".
-Page 12, line 24: replace "model" with "models".
Done.
-Page 17, line 5: add also spatial resolution (if it is the same).
-Page 17, line 21: SOx missing subscript.
- Figure 2 : Missing subscripts on titles for chemical species.
